α-Lactalbumin (α-La), together with oleic acid can be converted to a complex, which kills tumor cells selectively. Cytotoxic α-La -oleic acid and α-La -linoleic acid complexes were generated by adding fatty acid to camel holo α-La at 60°C (referred to as La-OA-60 and La-LA-60 state, respectively). Structural properties of these complexes were studied and compared to the camel α-La. The experimental results show that linoleic acid induces α-La partial unfolding but oleic acid does not change the protein structure significantly. Also the stability of La-OA-60 and La-LA-60 toward thermal denaturation was measured. The order of temperature at the transition midpoint is as follows: La-LA-60 < La-OA-60 < α-La. La-OA-60 complex inhibited tubulin polymerization in vitro. Although the structures of La-OA-60 and La-LA-60 were different, these two complexes had similar cytotoxic effect to DU145 human prostate cancer cells. Samples of La-OA-60 that have been renatured after denaturation lost the specific biological activity toward tumor cells.
Introduction
Currently there is a great deal of interest in drug design investigations involving ligand and protein interactions, and different theoretical methodologies have been applied for drug design in a variety of biological systems, resulting in extensive publications in this journal ; and successful implementation of computeraided drug design has led to the development of new therapeutics (28) (29) (30) (31) (32) . Even though these computer designed studies provide visualizations at atomic details and are intellectually exciting, their practical realization will take a long time. They suggest possibilities, and where one should start the experiments in a laboratory. In this context, the current manuscript which tries to understand the interaction between alpha-lactalbumin and unsaturated fatty acids, provides a real contrast; here we are dealing with a real system which kills tumor cells. And we demonstrate the experimental effort that takes to make a discernible progress.
Alpha-lactalbumin (α-La) is a globular calcium-binding protein in milk (33) . It is regulator component of lactose synthetase complex in the mammary gland (34) .
Abbreviations: α-La: alpha-lactalbumin; MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; DMSO: dimethyl sulfoxide; FBS: fetal bovine serum; PBS: phosphate buffered saline; La-OA-60 and La-LA-60: complexes of camel α-lactalbumin with oleic acid and linoleic acid, respectively, prepared at 60°C as described in Materials and Methods; RMSD: root mean square deviation.
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Like another major whey protein, β-Lactoglobulin, α-La can bind fatty acids (35, 36) . Special unsaturated fatty acid bound forms of α-La can induce death of tumor cells selectively: Multimeric form of α-La isolated from the casein fraction of human milk (37) , complex of apo α-La and oleic acid obtained using ion-exchange chromatography on a DEAE-Trisacryl column preconditioned with oleic acid named HAMLET (Human Alpha-lactalbumin Made Lethal to Tumor cells) (38, 39) , complexes of human Ca +2 -free α-La with oleic acid formed at 17 and 45°C at pH 8.3 (40) and aggregates of apo bovine α-La induced by oleic acid and linoleic acid at pH about 4 (41) are different forms of α-La that show cytotoxic activity against cancer cells. HAMLET like complexes also obtained from purified bovine, equine, porcine, and caprine α-Las and oleic acid (42).
Thermal unfolding of α-La has been studied under different buffer conditions. Results show that unfolding process is very sensitive to the protein environment (43) (44) (45) (46) . Camel α-La is a 123 amino acid residue protein with a molecular weight of 14.43 kDa (47) . Greater surface hydrophobicity of camel α-La than that of bovine protein and reversible two-state thermal transition of camel α-La in the presence of 2 mM calcium was observed in our previous study (48). The α-La protein comprised of a large α-domain and a small β-domain with a calcium-binding site at the junction of the two subdomains. The bound calcium ion of holo α-La has a large influence on its tertiary structure and stability. The apo state of α-La has a molten globule (MG) like structure and is less stable against thermal and chemical denaturation (49) . Different conformational properties of apo and holo α-La affect their interaction with some ligand and macromolecules (50) and chelating of calcium induce conformational changes in α-La in a manner suitable for fatty acid binding. Previous studies have showed that α-La is in a partially folded state in HAMLET. Oleic acid is in a compact conformation where the two ends are near both to each other and to the double bond in this complex (51). The number of bounded oleic acid per α-La molecule in HAMLET has not determined precisely yet. Oleic acid can bind in the β-domain (52) or in the cleft between the two domains after calcium chelating and exposure of hydrophobic residues (53). In a recent study cytotoxic α-La-oleic acid complex is generated by adding oleic acid to holo α-La at 50 °C and 60°C (54).
In the present study, the structure and thermal stability of La-OA-60 and La-LA-60 complexes were investigated. The ability of La-OA-60 to inhibit tubulin polymerization studied and microtubule system proposed as a subcellular target for the complex. The cytotoxic activity of these complexes also evaluated on prostate cancer cells.
Materials and Methods

Materials
Oleic acid (C18:1:9cis) and linoleic acid (C18:2:9cis, 12cis) were obtained from Sigma-Aldrich. All the other chemicals used were of analytical grade. Camel α-La purified as described previously (49, 55) . The concentration of camel α-La was determined spectrophotometrically, using a molecular absorption coefficient of ε 280 nm = 32470 M −1 cm −1 for camel α-La.
Methods
Preparation of La-OA-60 and La-LA-60 Complexes
La-OA-60 and La-LA-60 complexes were prepared at 60°C as described before (54). Briefly, α-La was dissolved at 210 µM in phosphate-buffered saline (PBS). 120 molar equivalents of oleic acid and linoleic acid were directly suspended into the α-La solutions. After incubation at 60°C for 10 min, the mixtures were cooled 921 Alpha-LactalbuminUnsaturated Fatty Acid Complex to the room temperature. Samples were centrifuged at 1000 rpm for 5 min and the excess oleic acids were removed. Because of the La-LA-60 solution turbidity, it was centrifuged (12000 rpm for 10 min) and then used in spectroscopic experiments.
UV Spectroscopy
The UV spectra of α-La, La-OA-60 and La-LA-60 complexes were recorded by Shimadzu UV-3100 at 37°C. The protein concentration was 10 µM in PBS. The spectra of the solutions were recorded in the wavelength range of 240-350 nm.
Circular Dichroism (CD) Measurements
The far-UV CD measurements were made in Jasco J-810 instrument equipped with a thermoelectric sample holder. The protein concentration in the CD experiments was 15 µM and a cuvette of 1-mm path length was used.
Fluorescence Measurements
Fluorescence intensity measurements at a protein concentration of 10 µM were made on a Cary Eclipse spectrofluorimeter (Varian, Australia). All experiments were conducted using a 1-cm path length fluorescence cuvette, 5 nm slit size. Excitation wavelength was 295 nm and the emission spectra were recorded for all of the samples in the range of 300-500 nm.
The ANS binding assessment of camel α-La was carried out after 15 min of incubation with 50 µM ANS. During ANS fluorescence measurements excitation wavelength were 385 nm and the emission spectra were recorded between 400 and 600 nm. The bandwidths for both excitation and emission were 10 nm.
Simulation Methods
The three-dimensional structure of camel α-La constructed based on the human counterpart (PDB code 1HML) as the template by the Modeller 9V7 (56). The best Modeller construct forced to denature at 100°C. The denaturation molecular dynamics performed by OpenMM Zepher 0.9.2 (57). The final state of a 290 ps denaturation MD was selected as a partially unfolded α-La. Protein accessible surface area changes calculated by the Surfrace 5.0 (58) .
Purification of Tubulin and Tubulin Polymerization Assay
Microtubule protein was prepared from camel cerebrum, after homogenization in the appropriate buffer (100 mM PIPES pH 6.8, 1 mM EGTA, 2 mM MgSO4, 1mM PMSF and 1 mM MgATP) followed by two cycles of temperature-dependent assembly and disassembly induced by addition of 50 mM MgGTP, as previously described (59). PEMG (80 mM PIPES pH 6.8, 2 mM MgSO4, 1 mM EGTA, plus 37% glycerol) was used as polymerization buffer. Microtubule proteins were frozen in the liquid nitrogen and stored at -70°C for further experiments within 4 weeks. The protein concentration was determined by using Bradford reagent with bovine serum albumin (BSA) as the protein standard (60).
Turbidimetric assay of microtubule and tubulin was carried out by incubating the protein in PIPES buffer (with the final concentration of 2 mg/ml) in 1 cm cuvette at 37°C in a thermostatically controlled UV spectrophotometer (Shimadzu model UV-3100). Turbidity change was measured at 350 nm. To examine the effect of La-OA-60 complex on microtubule polymerization, the La-OA-60 complex was added to the microtubule proteins and polymerization was initiated with the addition of 5 mM GTP.
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Cell Culture
The DU145 cells were cultured in RPMI-1640 culture medium (Gibco: UK) supplemented with 10% heat inactivated fetal bovine serum (FBS), 500 u/ml of penicillin (Sigma: USA) and 200 mg/ml streptomycin (Jaberebn-Hayan: Tehran). Cells were maintained at 37˚C in a humidified atmosphere of 5% CO 2 and subcultured every two to three days in order to maintain the cells in constant exponential growth phase.
Cytotoxicity Assay
The cell proliferation was assessed by using a MTT (Serva) reagent. Mitochondrial dehydrogenases of viable cells cleave the tetrazolium ring and then yield purple MTT formazan crystals. Optical density values of dissolved crystals after treatment are in proportion to the number of viable cells (61). Exponentially growing DU145 cells were seeded in 96-well plates at a density of 1 × 10 4 cell/well. After 48 h, freshly prepared solutions of complexes of α-La with oleic acid or linoleic acid in PBS were added to culture medium to final concentrations of 2, 4, 6, 8, 10, 15, 20, 25, 30 or 40 µM (α-La conc.). After incubation for 30 min at 37°C in 5% CO 2 , FBS was added to the culture. After 6 h incubation, the DU145 cells were incubated with 500 µg/ml MTT for 3 h at 37°C. Then, the supernatant was removed, and the purple formazan salt was solubilized in DMSO. The spectrophotometric absorbance of the samples was determined with multi well scanning spectrophotometer (ELISA reader, Model Expert 96, Asys Hitchech, Austria) at a wavelength of 570 nm. Viability of the treated cells was expressed as (A 570 ) sample/ (A 570 ) control × 100 (62).
Statistical Analysis
All experiments were repeated three times and each value represents the average of three determinations. Cytotoxicity assay data in this report are presented as Mean±SEM and were analyzed by Student's t-test. A P-value of 0.05 was considered statistically significant.
Results and Discussion
Structural Characteristics of La-OA-60 and La-LA-60 Complexes
The UV absorbance spectra were recorded to compare the structure of the native α-La and La-OA-60 and La-LA-60 complexes at physiological temperature. Absorbance of La-OA-60 at 280 nm decreased compared to α-La under such conditions ( Figure 1 ). Turbidity of La-LA-60 solution showed that some of α-La molecules are aggregated; it might be due to the surface hydrophobicity change upon LA binding. Aggregated protein was removed by ultracentrifugation and then spectroscopic experiments were performed. La-LA-60 absorbance increased compared to α-La (Figure 1 ). Circular dichroism spectra of α-La, La-OA-60 and La-LA-60 in the far-UV region are shown in Figure 2 . The far-UV CD spectrum shows that the secondary structure of all states is very similar. Figure 3 shows the intrinsic fluorescence spectra of the native α-La and La-OA-60 and La-LA-60 complexes. The wavelength of maximum intensity for the intrinsic tryptophan fluorescence of native α-La at 37°C is about 330 nm indicative of tryptophan residues in a folded hydrophobic core. La-LA-60 complex absorbance increase and 7 nm red shift in fluorescence maximum emission compared to α-La shows conformational change of the protein in this complex. La-OA-60 complex showed increased fluorescence intensity and no change in the wavelength of maximum intensity. Previous studies showed that tertiary structures of heat-treated human and bovine α-La and oleic acid complexes were lost (54). But camel α-La does not unfold upon oleic acid binding, slight absorbance decrease and fluorescence emission increase observed for La-LA-60 complex compared to camel α-La shows that chromophoric amino acids are relatively less accessible to the solvent compared to native structure.
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Changes in ANS fluorescence were used to detect the incidence of solvent-exposed hydrophobic clusters (63). As shown in Figure 3B , there is a minimal binding of ANS with the protein in the native state and La-OA-60. These results indicate that exposed hydrophobic surface area of La-OA-60 at 37°C is similar to the native. La-LA-60 complex showed an increase in ANS fluorescence intensity, indicating conformational changes in the tertiary structure and surface hydrophobicity increase of the protein caused by binding of linoleic acid to camel α-La. Figure 4A shows the change in fluorescence spectra maxima (λ max ) of α-La, La-OA-60 and La-LA-60 complexes upon heating in PBS, pH 7.5. While detecting λ max increases corresponding to alteration of tryptophan residues environment from interior to the surface, we were able to find that the melting temperature (T m ) of α-La and La-OA-60 and La-LA-60 complexes is 62, 56 and 48°C, respectively. Some cosolvents stabilize the α-La against thermal denaturation by increasing in the surface tension of solvent (64) . Destabilization effect of fatty acids might be because of alteration of the bulk solvent structure or conformational changes in the tertiary structure of the protein caused by binding of fatty acids. Small red shift of λ max for the intrinsic fluorescence emission of α-La was observed at 60°C ( Figure 4A ). Although this temperature is below the melting temperature of the protein, the enhanced protein flexibility and mild conformational changes could be achieved and this makes oleic acid binding possible. Calcium chelating and low pH in other cytotoxic complex production methods seems to have similar effect. On the other hand, the hydrophobic interaction, which might be the major factor in the fatty acid binding, is endothermic and favored by higher temperature.
Thermal Denaturation of La-OA-60 Complex
To examine if unfolding of La-OA-60 complex is reversible or not, we first heated the La-OA-60 complex at 60 and 70°C. Upon cooling for 15 min at room temperature and temperature scanning, relatively similar sigmoid-like changes in fluorescence emission were manifested ( Figure 4B ), suggesting that thermal unfolding of the complex is relatively reversible. But the transition shifts toward higher temperature approaching the T m for α-La. Figure 5 compares the three-dimensional structure of native and partially denatured α-La. For producing partially denatured state α-La denaturation molecular dynamics performed. Our fluorescence studies has showed that around 75 percent of α-La molecules are in the native state at 60°C. So the state of 290 ps denaturation MD at 100°C which has similar unfolded percent to α-La structure at 60°C was selected as a partially unfolded α-La. All of the native secondary structure is preserved in the partially denatured conformer. The backbone Cα-atom positional RMSD value for the partially heat unfold α-La simulation is about 7.07 Å, a value sign of the swelling of the structure. Protein accessible surface area rised from 6117 to a value of about 8174 Å, but nonpolar accessible surface area decreased about 3%. These are in agreement with the fluorescence and CD data. It seems that these conformational changes and loosening of the structure which occur during heat treatment make oleic acid binding possible as well as calcium chelating.
Simulation Methods
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on the concentration of La-OA-60 complex ( Figure 6 ). The important role of microtubules in cell division and mitosis makes microtubules an important target for anticancer drugs (65). The data suggested that the microtubule system can be one of the subcellular targets for the oleic and α-La complexes in cancer cells.
Cytotoxicity Measurement of the La-OA-60 and La-LA-60 Complexes
The in vitro cytotoxic effect of La-OA-60 and La-LA-60 complexes was studied by testing them on DU145 human prostate cancer cells. Cells were treated with complexes concentrations ranging from 0 to 40 µM for 6 hour ( Figure 7 ). The IC50 value for La-OA-60 and La-LA-60 complexes was about 4 µM. In contrast to their different structure, toxicities of these complexes were similar. Therefore conformation of α-La in the complex is not important for the cytotoxic function of the complex. Previous studies showed that cytotoxic species generate from oleic acid and unfolded α-La (66), equine lysozyme (67) and α-La fragments (68), too. Fatty acid part of these complexes (which is the only analogous part of them) might be responsible for uptake of oleic acid-protein complexes into tumor cells and/or for intra-cellular interactions. Further studies are needed to find out role of fatty acid part in the function of these complexes. We also studied cytotoxic effect of La-OA-60 complex after denaturation and renaturation.
Although denaturation was to some extent reversible ( Figure 4B ), this complex showed no cytotoxic activity after incubation at 60°C for 10 minutes. Previous studies showed that HAMLET lost its tumoricidal activity after thermal denaturation, too (69). Diminishing of biological activity does not seem to be related to conformational change of α-La structure, because 
Inhibition of Microtubule Polymerization by La-OA-60 Complex
The effect of La-OA-60 complex on the polymerization of tubulin was measured as shown in Figure Microtubule assembly was not affected at 4 µM La-OA-60 complex but in the presence of 10 and 14 µM of La-OA-60 complex, tubulin polymerization was entirely inhibited. The inhibition of tubulin polymerization depended even the aggregated complex has been cytotoxic (41). T m shift toward α-La ( Figure  4B ) and loosing cytotoxicity verify that reheating the complex led to dissociation of oleic from α-La, which resulted in free fatty acid and α-La. So La-OA-60 complex is sensitive against temperature.
In this study we made the cytotoxic complexes according to previous studies (54) from camel α-La and unsaturated fatty acids. We have investigated the conformation 
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of La-OA-60 and La-LA-60 complexes. La-LA-60 complex was partially unfolded at 37°C. But the structure of La-OA-60 was comparable to native. Both complexes have lower thermal stability than camel α-La and show significant dose-dependent cytotoxicity to human prostate cancer cells. The present study provides insight into the conformational changes of α-La induced by fatty acids and shows that heat treatment can be used as a simple method for production of cytotoxic complexes from oleic acid or linoleic acid and α-La species with different structures. Our results also have shown that La-OA-60 complex has an inhibitory effect on microtubule polymerization.
